INTRODUCTION
============

Smoking is widely acknowledged as a risk factor for morbidity and mortality such as cancer, cardiovascular diseases, and pulmonary diseases, attributing to 11.5% of deaths worldwide \[[@B1]\]. In Korea, smoking is predicted to be associated with a 1.3-fold increase in total mortality \[[@B2]\] and the burden of disease due to smoking is reported to be 68% in males and 32% in females \[[@B3]\]. Despite the adverse effect of smoking on health outcomes, the underlying biological mechanism has not been fully elucidated.

One possible explanation of the mechanism by which smoking increases morbidity is through changes in DNA methylation due to smoking. DNA methylation, the addition of methyl groups (CH3^−^) to cytosine residue, is one epigenetic mechanism by which gene expression is altered without change in DNA sequence \[[@B4]\]. Alteration in DNA methylation can be caused by environmental factors including smoking \[[@B5]\], drinking \[[@B6]\], diet \[[@B7]\], and obesity \[[@B8]\]. Up until now, several epigenome-wide association studies (EWAS) on smoking were conducted to find differentially methylated probes \[[@B9][@B10][@B11]\]. However, only very few studies have analyzed smoking-mediated DNA methylation changes in the Korean population \[[@B12][@B13]\].

We first aimed to discover differentially methylated probes associated with smoking by conducting epigenome-wide association analysis in Korean men. Secondly, we assessed whether smoking-related DNA methylation is also associated with other smoking-related traits such as smoking intensity and time since quitting smoking. Lastly, we investigated whether DNA methylation mediates the association between smoking and pulmonary function in cross-sectional and longitudinal study designs.

MATERIALS AND METHODS
=====================

Study design and subjects
-------------------------

This study used data of the Korean Genome and Epidemiology Study Ansan-Ansung (KoGES-ASAS) study. The details of the study procedures are provided elsewhere \[[@B14]\]. Briefly, the KoGES-ASAS study is a longitudinal community-based study that was initiated in 2001-2002 of 10,030 participants aged 40--69 years and followed-up every two years up to the 7th follow-up. This study evaluated data from 4th follow-up (2009--2010) in which DNA methylation profiles were available and to 6th follow-up (2013--2014) with data of pulmonary function test. Out of 6,660 subjects who participated in the 4th follow-up study, 446 subjects were available with DNA methylation data. We restricted our analysis to male subjects, because of large differences in smoking status between male and female (there was only one current smoker in female). Finally, 209 male subjects with DNA methylation profiling were included in the analyses. All study subjects provided written informed consent, and this study was approved by the Institutional Review Board (IRB) of Korea Centers for Disease Control and Prevention (KBP-2019-041) and the IRB of Korea University (KUIRB-2019-0120-01).

Smoking traits
--------------

Smoking status was assessed by self-reported lifetime cigarette use in 20 packs (400 cigarettes) at 4th follow-up. Participants were categorized as never smokers (never smoked or smoked less than 20 packs of cigarettes), former smokers (smoked more than 20 packs of cigarettes, but did not smoke at the time of the survey), and current smokers (smoked more than 20 packs of cigarettes and smoke at the time of the survey). To estimate smoking intensity, pack-years were calculated by multiplying the number of packs of cigarettes smoked per day by the number of years smoked. The time since quitting (years) was reported by former smokers. To avoid the risk of misclassification of smoking status and make it more accurate, we reclassified the smoking status by using previously surveyed variables. Those who smoked previously, but responded as "never-smokers" currently were excluded, because their smoking-related traits were not surveyed and can bias the results in any direction.

Pulmonary function test
-----------------------

Pulmonary function was measured using a spirometer (VMAX 2130, SensorMedics, Yorba Linda, CA) following the 1994 American Thoracic Society guidelines \[[@B15]\]. The forced vital capacity (FVC, L), and forced expiratory volume in 1 second (FEV1, L) were measured and FEV1/FVC was calculated by FEV1 divided by FVC.

DNA methylation profiling
-------------------------

For DNA methylation profiling, 446 participants were sampled from KoGES-ASAS study after the quality control of samples having DNA under 100 ng per sample, or with gender discrepancy. DNA methylation was measured using the Illumina Infinium HumanMethylation450 BeadChip (Illumina, Inc., San Diego, CA, USA) \[[@B16]\]. Quality control was performed on the DNA methylation data (485,577 CpGs) filtering out the probes with detection p value over 0.05. We additionally excluded probes at the X and Y chromosomes. The DNA methylation level, measured in beta-value was calculated using GenomeStudio Methylation Module Software, ranging from 0 (unmethylated) to 1 (methylated). After all the filtering, a total of 473,004 CpGs remained for epigenome-wide association analysis.

Statistical analysis
--------------------

Descriptive statistics of all the variables were reported as mean ± standard error (SE) for continuous variables and as percentages and the number of counts for categorical variables by smoking status in [Table 1](#T1){ref-type="table"}. Epigenome-wide association analysis was conducted in R version 3.6.1 using the CpGassoc package \[[@B17]\] to model smoking status (current vs. never) as the exposure and DNA methylation (beta-value) as the outcome. Each EWAS was tested with age and area (Ansan/Ansung) as covariates in the basic model, and with age, area, current drinking status, and body mass index as covariates in the fully adjusted model. To correct for multiple testing, the Holm step-down Bonferroni (p value \< 1.0E-7) and Benjamini-Hochberg method (false discovery rate \[FDR\] \< 0.05) were used to assess significance. The results are presented as a Manhattan plot and quantile-quantile plot in [Figure 1](#F1){ref-type="fig"}, and details are presented in [Table 2](#T2){ref-type="table"}. The associations between DNA methylation and smoking-related traits were visualized using boxplot combined with jitter, or scatter plot with the fitted line in [Figure 2](#F2){ref-type="fig"}. The association between DNA methylation and pulmonary function was examined in cross-sectional and longitudinal study design. The multiple linear regression or multilevel mixed-effects generalized linear model was applied, respectively. In both models, the fully adjusted model with age, area, current drinking status, and body mass index as covariates was applied. To account for the effect of smoking on pulmonary function, smoking status was additionally adjusted in both analyses. For longitudinal analysis, stratified analysis by smoking status was performed, to investigate whether the mediating effect exists.

###### Characteristics of study participants by smoking status

![](cnr-9-134-i001)

  Characteristics             Smoking status                                                                      
  --------------------------- ----------------------------- ----------------- ----------------- ----------------- -------
  Age (yr)                    58.2 ± 1.3                    59.2 ± 0.9        58.0 ± 0.8        0.583             
  Area (Ansan/Ansung %)       35.0/65.0                     43.6/56.4         44.0/56.0         0.598             
  Current drinker (%, N)      24 (60.0)                     59 (75.6)         76 (44.4)         0.015             
  Body mass index (kg/m^2^)   24.2 ± 0.6                    24.3 ± 0.4        23.6 ± 0.3        0.292             
  Smoking traits                                                                                                  
                              Smoking amount (pack-years)   \-                26.2 ± 2.8        30.9 ± 1.8        0.143
                              Time since quitting (years)   \-                13.5 ± 1.1        \-                \-
  Pulmonary function                                                                                              
                              FVC (L)                       4.12 ± 0.10       4.07 ± 0.08       4.09 ± 0.08       0.957
                              FEV1 (L)                      3.26 ± 0.09       3.07 ± 0.08       3.07 ± 0.06       0.224
                              FEV1/FVC                      79.19 ± 0.90^b^   75.03 ± 1.01^a^   75.24 ± 0.92^a^   0.017

Values were expressed as mean ± standard error for continuous variables and as number (%) of counts for categorical variables.

FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second.

^\*^Statistical differences among smoking status were determined using one-way analysis of variance for continuous variables and χ^2^ test for categorical variable. Sharing the same letter indicates no significant difference among smoking status group.

![Epigenome-wide association analysis of smoking status. (A, C) Manhattan plot showing chromosome location of 22 autosomes (X-asix) and -log10(p-value) for each CpG (Y-axis). The top line indicates Holm step-down Bonferroni threshold (p value \< 1.0E-7) and the bottom (dashed) line indicates the Benjamini-Hochberg threshold (FDR \< 0.05). A regression model was applied for epigenome-wide association analysis adjusted for age, and area in the basic model. (B, D) Quantile-quantile plot showing observed vs. expected −log10(p value) for association at all CpG sites. A regression model was applied for epigenome-wide association analysis, adjusted for and age, area, drinking status, and body mass index in the fully adjusted model.](cnr-9-134-g001){#F1}

###### Difference in methylated CpG sites between current smokers and never smokers (FDR \< 0.05)

![](cnr-9-134-i002)

  Probe ID     CHR   Position    Gene        Basic model^\*^   Fully adjusted model^†^                                                     
  ------------ ----- ----------- ----------- ----------------- ------------------------- ---------- ---------- -------- ------- ---------- ----------
  cg05575921   5     373378      *AHRR*      −0.206            0.014                     2.19E-29   1.03E-23   −0.204   0.015   3.86E-26   1.83E-20
  cg23576855   5     373299      *AHRR*      −0.160            0.014                     2.30E-21   5.45E-16   −0.162   0.015   4.81E-19   1.14E-13
  cg21566642   2     233284661   *2q37.1*    −0.112            0.011                     1.98E-17   3.12E-12   −0.111   0.012   2.65E-15   4.17E-10
  cg03636183   19    17000585    *F2RL3*     −0.100            0.012                     3.49E-13   4.13E-08   −0.095   0.013   5.94E-11   7.03E-06
  cg21322436   7     145812842   *CNTNAP2*   −0.042            0.007                     1.84E-08   1.60E-03   \-       \-      \-         \-
  cg06126421   6     30720080    *6p21.33*   −0.087            0.014                     2.03E-08   1.60E-03   −0.064   0.013   3.87E-07   3.66E-02
  cg05951221   2     233284402   *2q37.1*    −0.067            0.012                     5.94E-08   4.01E-03   \-       \-      \-         \-
  cg12803068   7     45002919    *MYO1G*     0.072             0.014                     4.75E-07   2.81E-02   \-       \-      \-         \-

CHR, chromosome; SE, standard error; FDR, false discovery rate.

^\*^Beta coefficient, SE, p value in basic model are obtained from statistical model adjusted for age, and area; ^†^Beta coefficient, SE, p value in fully adjusted model are obtained from statistical model adjusted for age, area, current drinking status, and body mass index.

![DNA methylation at cg05575921 (AHRR) and smoking-related traits (A) Box plot showing the distribution of DNA methylation by smoking status (B) Scatter plot with the fitted line showing the association between DNA methylation and pack-year by smoking status (C) Scatter plot with the fitted line showing the association between DNA methylation and time since quitting smoking.](cnr-9-134-g002){#F2}

RESULTS
=======

Characteristics of study participants
-------------------------------------

The characteristics of study participants by smoking status are shown in [Table 1](#T1){ref-type="table"}. Among the 209 participants in our study, 40 were never smokers (19.1%), 78 were former smokers (37.3%), and 91 were current smokers (45.5%). Age, area, and body mass index were not different by smoking status, whereas the percentage of current drinkers was lower in current smokers than never smokers (44.4% vs. 60.0%; p = 0.015). For pulmonary function test results, current smokers and former smokers had lower pulmonary function compared to never smokers when assessed by FEV1/FVC ratio.

Epigenome-wide association analysis of smoking status
-----------------------------------------------------

We compared DNA methylation profiles between the 91 current smokers and 40 never smokers. The results are presented in [Table 2](#T2){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}. In the basic model, 7 sites showed differences according to the Holm step-down Bonferroni procedure (p value \< 1.0E-7), and 8 sites showed significance by the Benjamini-Hochberg procedure (FDR \< 0.05). In the fully adjusted model, 4 sites showed significant differences according to the Holm step-down Bonferroni procedure, and 5 sites showed significance by the Benjamini-Hochberg procedure. Except for cg12803068 (*MYO1G*), other significant CpGs were hypomethylated in current smokers compared to never smokers. cg05951221 (*AHRR*) showed the largest difference in DNA methylation and was thus selected for further analysis.

The association between cg05951221 (*AHRR*) and smoking-related traits
----------------------------------------------------------------------

Compared to never smokers (0.83 ± 0.01), DNA methylation at cg05951221 was lower in former (0.75 ± 0.01; p = 3.59E-08) and current smokers (0.62 ± 0.01; p = 4.09E-09) ([Figure 2A](#F2){ref-type="fig"}). Consumption of smoking measured in pack-years was negatively correlated with DNA methylation in both former (r = −0.359; p = 0.001) and current smokers (r = −0.452; p = 7.59E-06) ([Figure 2B](#F2){ref-type="fig"}). Time since quitting tended to be positively correlated with DNA methylation (r = 0.195; p = 0.088) ([Figure 2C](#F2){ref-type="fig"}).

The association of DNA methylation at cg05951221 (*AHRR*) on pulmonary function
-------------------------------------------------------------------------------

We investigated whether DNA methylation is associated with pulmonary function cross-sectionally and longitudinally ([Table 3](#T3){ref-type="table"}). In our cross-sectional analysis, DNA methylation was positively associated with FEV1/FVC in the fully adjusted model (β = 9.63; 95% confidence interval \[CI\], 0.28 to 18.98; p = 0.044), but the association disappeared when additionally adjusted for smoking status. Whereas in the longitudinal analysis, DNA methylation and pulmonary function were positive associated regardless of adjustment for smoking status (β = 14.88; 95% CI, 4.47 to 25.29; p = 0.005). This may indicate that DNA methylation associates with pulmonary function on a long-term basis, rather than on a short-term basis. Stratification according to smoking status revealed that DNA methylation was not associated with FEV1/FVC in current smokers (β = 4.68; 95% CI = −14.50 to 23.85; p = 0.632) or never smokers (β = 19.02; 95% CI, −34.15 to 72.19; p = 0.483). However, a positive association was observed in former smokers (β = 19.96; 95% CI, 2.27 to 37.68; p = 0.027). These results point to the possibility that the effect of current smoking itself on pulmonary function may override the effect of DNA methylation on pulmonary function.

###### The association between DNA methylation at cg05575921 and pulmonary function

![](cnr-9-134-i003)

  Variables                      Fully adjusted model^‡^   Fully adjusted model + smoking status^§^                                   
  ------------------------------ ------------------------- ------------------------------------------ ------- ----------------------- -------
  Cross-sectional analysis^\*^                                                                                                        
                                 FVC (L)                   −0.01 (−0.82 to 0.80)                      0.973   −0.03 (−1.30 to 1.23)   0.959
                                 FEV1 (L)                  0.46 (−0.21 to 1.11)                       0.181   0.27 (−0.75 to1.29)     0.600
                                 FEV1/FVC                  9.63 (0.28 to 18.98)                       0.044   6.57 (−7.27 to 20.41)   0.350
  Longitudinal analysis^†^                                                                                                            
                                 FVC (L)                   −0.14 (−0.88 to 0.60)                      0.715   −0.52 (−1.35 to 0.31)   0.218
                                 FEV1 (L)                  0.53 (−0.11 to 1.17)                       0.104   0.21 (−0.48 to 0.91)    0.552
                                 FEV1/FVC                  14.98 (5.69 to 24.26)                      0.002   14.88 (4.47 to 75.29)   0.005

FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second.

^\*^Beta coefficient, 95% CI, and p value by multiple linear regression model in cross-sectional analysis; ^†^Beta coefficient, 95% CI, and p value by multilevel mixed effects generalized linear model in longitudinal analysis; ^‡^Fully adjusted model includes age, area, current drinking status, and body mass index; ^§^Fully adjusted model + smoking status includes age, area, current drinking status, body mass index and smoking status.

DISCUSSION
==========

We identified 5 CpG-sites associated with smoking status in Korean men. Among these sites, methylation of cg05575921 (*AHRR*) was most strongly associated with smoking status. Methylation at this site was positively associated with FEV1/FVC ratio at 4-year follow-up, regardless of smoking status.

The effect of smoking on repression of cg05575921 (*AHRR*) methylation is universal among races. Prior studies on EWASs of smoking status were mainly conducted in whites or blacks \[[@B9][@B10][@B18][@B19][@B20][@B21][@B22][@B23]\]. In a systematic review of 14 EWAS of smoking, 7 studies were from Europe, 6 investigated blacks, and 1 was performed in Qatar \[[@B18]\]. Unfortunately, ethnic differences were not investigated in this study. The three most frequently reported CpG-sites were cg05575921 (*AHRR*), cg03636183 (*F2RL3*), cg19859270 (*CPR15*), followed by CpG-sites at *2q37*.1 and *6p21.33*, which were also found in our analyses. In another meta-analysis of DNA methylation in 15,907 participants of 16 cohorts, 2,623 CpG-sites were identified to be differentially methylated according to smoking status \[[@B23]\]. The results of this study were similar to previous studies, where cg05575921 on *AHRR* showed the strongest significance and largest effect size (18% hypomethylated in current smokers; p = 4.6E-26). In this meta-analysis paper, ancestry-stratified analysis was conducted resulting in differences in the related CpG-sites between whites and blacks. Still the correlation between the effect estimates of CpG-site significant in at least one ancestry and in entire group of two ancestries were highly correlated (r = 0.89). The effect size and significance in the five CpG-sites (cg05575921 at *AHRR*, cg23576855 at *AHRR*, cg21566642 at *2q37.1*, cg03636183 at *F2RL3*, and cg06126421 at *6p21.33*) in our study were similar to white and black current smokers (e.g. cg05575921 at *AHRR*; 18% hypomethylated in European current smokers; 16% hypomethylated in African current smokers). Regarding Asians, 2 previous EWAS of smoking have been performed in the Korean population. The first EWAS was conducted in 2013 using a Korean chronic obstructive pulmonary disease (COPD) cohort, and identified 108 significant probes, in comparison of 31 current and 39 never smokers \[[@B12]\]. The second EWAS was conducted in 2019 using the Korean Healthy Twin (KHT) cohort and identified 6 CpGs associated with smoking in 190 monozygotic twins (FDR \< 0.05) \[[@B13]\]. Our analysis identified 5 significant CpGs associated with smoking in 131 middle-aged Korean males (91 current smokers vs. 40 never smokers) from the KoGES-ASAS study. Among all three studies, cg05575921 was the most associated CpG-site with smoking status. Therefore, suppressed methylation of cg05575921 by smoking is evident regardless of race.

Of the observed CpG-sites associated with smoking in our study, 5 were also reported in the 2 previous studies performed in Koreans. Two CpG-sites (cg05575921 at *AHRR*, and cg03636183 at *F2RL3*) were reported in the COPD cohort and three CpG-sites (cg05575921, cg23576855 at *AHRR*, and cg21566642 at *2q37.1*) were reported of in the KHT cohort study. One CpG-site uniquely discovered in the current study is cg06126421 at *6p21.33* which was marginally associated with smoking status in one of EWAS in Korean population (p = 2.6E-04) \[[@B12]\]. The difference in study population (i.e. COPD, twin, or general population limited to male subjects), covariates adjusted in the analysis (i.e. COPD status, or whether the cell-type composition was adjusted), and analysis method (i.e. empirical Bayes method using limma, or linear mixed model) may explain the differences in the results.

Our analyses were limited to Korean men due to the low incidence of smoking in Korean women. Unlike other studies with 7-45% of female current smokers \[[@B9][@B20][@B21][@B22]\], the rate of female current smokers was as low as 0.4% (1 in 237 participants) in our study. Within the aforementioned systemic review of 14 EWAS, two studies included only males, and four included only females due to the inclusion criteria in each cohort. Despite the suggested sex differences in smoking-related methylation profiles \[[@B5]\], the significance of CpG-sites affected by smoking status and the magnitude of the effect size of the association were not different between the 14 studies. Although the current study cannot confirm the same effect on female smokers, a high possibility exists that the same CpG-sites found to be less methylated in smoking men also have a low methylation rate in smoking women compared to non-smoking women.

The association of DNA methylation with smoking intensity (pack-year) and time since quitting demonstrates that the effect of smoking can be reversed, but the benefit does not appear rapidly. The negative relationship between cg05951221 (*AHRR*) DNA methylation and smoking intensity and the positive trend between cg05951221 (*AHRR*) DNA methylation and time since quitting are in line with previous EWASs results \[[@B10][@B12][@B23]\]. Hypomethylation in the *AHRR* region is caused by exposure to polycyclic aromatic hydrocarbons in cigarette smoke \[[@B24]\]. It has been reported that DNA methylation can be recovered by quitting smoking \[[@B23][@B25][@B26]\]. The rapid decline in DNA methylation with increased pack-years in smokers is alleviated in previous smokers, but the increase in DNA methylation after quitting takes decades. This long-term effect of smoking on DNA methylation possibly affects pulmonary function at 4 years follow-up.

Our study is the first to longitudinally address the association between smoking-related CpG-sites and lung function. The effect of smoking-induced DNA methylation on pulmonary function has been studied using mediation analysis \[[@B27][@B28][@B29][@B30]\] and Mendelian randomization \[[@B29][@B30]\]. The indirect effect suggested a mediating effect of DNA methylation on FEV1 \[[@B27]\], while another mediation study reported ten CpG-sites mediating FEV1, and five of these CpG-sites were validated in lung tissues \[[@B28]\]. Others found a possible causal effect of DNA methylation on pulmonary function using both mediation and Mendelian randomization analysis \[[@B29][@B30]\]. However, questions still remained on causality \[[@B31]\]. In an EWAS of Korean COPD patients and lung function, lung function related CpG-sites has not tested the association with smoking status \[[@B32]\]. By assessing DNA methylation and lung function over a 4-year period, we add more weight on the causal relationship between low methylation of CpG due to smoking and lung function.

Limitations of this study include the lack of consideration of cell composition and batch effect in performing EWAS. However, this was inevitable as the relevant information was not available. Another limitation includes the inability to replicate our results in another independent dataset. Although false positive results may exist, the differentially methylated CpG sites reported in this study have been reported in previous studies and are well-known for their associations with smoking status.

The strength of this study is that this study is the first to utilize DNA methylation data of 446 subjects profiled in the KoGES-ASAS 4th follow-up study. This DNA methylation profiling was performed in a relatively large sample of the general population. Second, owing to the longitudinal study design, the possible effect of DNA methylation on pulmonary function could be prospectively examined. Therefore, the results can be somewhat free from reverse causality compared to a cross-sectional design. Third, misclassification of smoking status of some participants was considered, and smoking status was re-categorized. Self-reported smoking status may underestimate the true smoking status \[[@B33]\], which may lead to biased results.

CONCLUSION
==========

We identified 5 CpG sites associated with smoking in epigenome-wide association analysis in Korean men. Our results are in line with previous EWAS conducted in Koreans and other races. The targeted CpG-site cg05575921 (*AHRR*) was associated with smoking status and amount. Our longitudinal analysis shows that smoking may affect pulmonary function via DNA methylation.
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